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Abstract. Middle atmospheric water vapour can be usedis assessed for measurements obtained at two different loca-
as a tracer for dynamical processes. It is mainly measuredions: (1) a total of 25 months of measurements in the Arctic
by satellite instruments and ground-based microwave ra{Sodankyh, 67.37 N, 26.63 E) and (2) nine months of mea-
diometers. Ground-based instruments capable of measuringurements at mid-latitudes (Zimmerwald, 46.887.46 E).
middle-atmospheric water vapour are sparse but valuable aBor both locations MIAWARA-C'’s profiles are compared to
they complement satellite measurements, are relatively easyneasurements from the satellite experiments Aura MLS and
to maintain and have a long lifetime. MIAWARA-C is a MIPAS. In addition, comparisons to ACE-FTS and SOFIE
ground-based microwave radiometer for middle-atmospheriare presented for the Arctic and to the ground-based ra-
water vapour designed for use on measurement campaigrdiometer MIAWARA for the mid-latitude campaigns. In gen-
for both atmospheric case studies and instrument intercomeral, all intercomparisons show high correlation coefficients,
parisons. MIAWARA-C's retrieval version 1.1 (v1.1) is set confirming the ability of MIAWARA-C to monitor temporal
up in a such way as to provide a consistent data set evewariations of the order of days. The biases are generally be-
if the instrument is operated from different locations on alow 13 % and within the estimated systematic uncertainty of
campaign basis. The sensitive altitude range for v1.1 exMIAWARA-C. No consistent wet or dry bias is identified for
tends from 4hPa (37 km) to 0.017 hPa (75km). For v1.1MIAWARA-C. In addition, comparisons to the reference in-
the estimated systematic error is approximately 10 % for allstruments indicate the estimated random error of v1.1 to be
altitudes. At lower altitudes it is dominated by uncertain- a realistic measure of the random variation on the retrieved
ties in the calibration, with altitude the influence of spec- profile between 45 and 70 km.
troscopic and temperature uncertainties increases. The esti-
mated random error increases with altitude from 5 to 25 %.
MIAWARA-C measures two polarisations of the incident ra-
diation in separate receiver channels, and can therefore prat  Introduction
vide two measurements of the same air mass with indepen-
dent instrumental noise. The standard deviation of the differ-Water vapour is a trace gas that plays a major role in ra-
ence between the profiles obtained from the two polarisationgliative, chemical and heterogeneous processes in the atmo-
is in excellent agreement with the estimated random measphere. It enters the stratosphere mainly through the trop-
surement error of v1.1. In this paper, the quality of v1.1 dataical transition layer. Due to the cold tropopause tempera-
tures in the tropics, dry freezing takes place, resulting in
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1726 B. Tschanz et al.: MIAWARA-C — validation

an extremely dry lower stratosphere. The second source of The article is organised as follows. In Se2tthe char-
middle-atmospheric water vapour is the oxidation of methaneacteristics of MIAWARA-C and its retrieval are presented.
leading to a positive vertical gradient in volume mixing ratio The different reference instruments are described in Sect.
(VMR) throughout the stratosphere. The increasing photo4ncluding results from previous water vapour intercompari-
dissociation with altitude results in a negative gradient inson studies. After introducing the coincident data sets and the
the mesosphere. The latitudinal distribution of water vapourmethod of intercomparison (Sed).the results are presented
in the middle atmosphere is mainly given by the large-scalein Sect.5. Sectioné summarises the results and S&€adraws
residual circulation. conclusions.
The chemical lifetime of water vapour is of the order of
months in the stratosphere and decreases to weeks in the
mesosphereBrasseur et 8l1999. Because of its chemical 2 MIAWARA-C
stability, water vapour can be used as a tracer for dynam-
ics wherever horizontal or vertical gradients exist. For recentThe ground-based microwave radiometer MIAWARA-C
studies using water vapour as a tracer, seel@gsow etal.  measures the rotational emission line of water vapour at
(2009, Lee et al.(2011), Straub et al(2012 or Scheiben 22,235 GHz. The pressure broadening of this spectral line al-
etal.(2012. lows vertical water vapour profiles in the middle atmosphere
Middle atmospheric water vapour is mainly measured byto be retrieved. A detailed description of the instrument can
satellite instruments using infrared or microwave radiationpe found inStraub et al(2010.
and ground-based microwave radiometers. Satellite measure-
ments offer good global coverage and good vertical resolu2.1 Instrument
tion depending on the measurement technique but include
horizontal averaging. Ground-based microwave instrumentMIAWARA-C is a compact radiometer equipped with its
for water vapour deliver vertical profiles above the measure-own weather station, and is designed for use in measurement
ment site with high temporal but coarse vertical resolution. campaigns. The whole instrument, front end, back end and
There are several microwave radiometers for middle-computer, is placed in the same housing with a rain hood
atmospheric water vapour currently in operation on a reguthat closes automatically in order to prevent damage to the
lar basis. Recent validation efforts (etgpefele et al.2009 instrument whenever there is precipitation or strong winds.
Nedoluha et a).2011 Straub et al.2011) have demonstrated In order to operate MIAWARA-C, the instrument is just con-
the reliability of this technique. Validation studies are an im- nected to power and the Internet and can then be controlled
portant tool to assess the data quality of an instrument. Irremotely. The calibration does not depend on any other in-
addition to the identification of a possible bias, it is impor- strument nor on liquid nitrogen and therefore does not re-
tant to validate error estimates. The availability of realistic quire intervention of an on-site operator. MIAWARA-C'’s op-
random uncertainty estimates is crucial for determining thetical system consists of a very compact choked Gaussian horn
significance of atmospheric studies. antenna and a parabolic off-axis mirror. It has a total length
This paper presents a validation of water vapour measuredf approximately 50 cm, which is very short in comparison
by the ground-based Middle Atmospheric Water Vapour Ra-to other 22 GHz radiometers.
diometer for Campaigns (MIAWARA-C). MIAWARA-C is The receiver of MIAWARA-C consists of two identical re-
a transportable instrument and has proven to provide reliceiver chains separated immediately after the antenna. Orig-
able measurements. It is planned to operate MIAWARA-Cinally, the receiver was used as a correlation receiver with
within the Network for the Detection of Atmospheric Com- a noise source as internal calibration load and a digital
position Change (NDACC) as a travelling standard. There-cross correlating spectrometer for data acquisition. In De-
fore, the quality of the measured water vapour profiles is ascember 2010 there was a major upgrade of the receiver of
sessed in this study. The validation is based on results frofMIAWARA-C: the correlation receiver was replaced by a
the Lapland Atmosphere-Biosphere Facility (LAPBIAT, So- dual-polarisation receiver as shown in Fify. In this new
dankyhk) campaign from January to June 2010 in polar lat-setup the incident radiation is split into vertical and horizon-
itudes, from Zimmerwald, a mid-latitude station near Bern, tal polarisation by an orthomode transducer (OMT) placed
from July 2010 to May 2011 and from Sodan&yfrom immediately after the antenna. The two polarised signals are
June 2011 to February 2013. Reference data from anothgsrocessed in the two identical receiver chains and separately
ground-based microwave instrument, MIAWARA, as well as analysed in the digital fast Fourier transform (FFT) spec-
satellite data from the Atmospheric Chemistry Experimenttrometer with a spectral resolution of 30.5kHz and a usable
Fourier Transform Spectrometer (ACE-FTS), the Solar Oc-bandwidth of 400 MHz.
cultation For Ice Experiment (SOFIE), the Michelson Inter- In order to calibrate the measurements, a balancing
ferometer for Passive Atmospheric Sounding (MIPAS) andscheme is applied consisting of a reference measurement of
from the Aura Microwave Limb Sounder (MLS) are used. the sky at zenith with a microwave absorber inserted and a
line measurement at a low elevation angle (10 t8)18he
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Fig. 1. Dual-polarisation receiver of MIAWARA-C after Decem- Fig. 2. Left: number of profiles obtained per day for the whole data
ber 2010. The signal is split by the orthomode transducer and anal- R . .

sed using two separate receiver chains set used for the validation study with a noise level of 0.014 K from
y 9 P ' MIAWARA-C. The increase in December 2010 is due to the re-

placement of the correlation receiver by the dual-polarisation re-

elevation angle of the line measurement is continuously adpeiver. The black dashed vertical lines indicate the beginning of a
justed to balance the reference measurement. For the abs@=" comparison period. Right: percentage of days withprofiles

. . ) . day.
lute calibration two black body targets are measured: a mi P &Y
crowave absorber at ambient temperature used as the hot load
and the sky at an elevation angle of6@presenting the cold correlation receiver it was not possible to get more than five

load. The brightness temperature of the cold load is deter- = _. : L .
mined with regular tipping curve measurements. For details profiles per day, whereas with the dual-polarisation receiver

1 i 0, -
seeStraub et al(2010). more than 10 profiles are obtained on 80 % of the measure

. . . ment days, and hourly retrievals are possible on more than
The difference measurements, line minus reference, ar

0 : .
calibrated and corrected for tropospheric attenuation result%0 % of the days for Zimmerwald. The data measured with

S : . . the new receiver for Zimmerwald were mainly obtained dur-
ing in spectray as seen from the tropopause in zenith di- . ; L
. . . ing winter months when the troposphere is drier. For more
rection. For the profile retrieval a number of measured spec; ® . I ; T . )
) . - humid conditions, the integration time is slightly increased;
tra need to be averaged in order to achieve a sufficientl

¥ 9, . '

high signal-to-noise ratio. For MIAWARA-C, spectra are av- for example, measurements from Soda'al glring the hu .

eraged until a noise level of 0.014K is reached. Avera _mid summer months of June to August in 2011 show that it

crag ) . s . Yis still possible to retrieve 10 or more profiles on 40 % of all

ing to a fixed noise level results in data covering an almost . .

. . . measurement days. Such a high temporal resolution above

constant altitude range. The temporal resolution of the inte- . . o i

: . . one location cannot be achieved by current satellite instru

grated spectra used for the profile retrieval mainly dependsmems The good temporal resolution and its reliability are
on the tropospheric opacity and on the observation geometri{he mé'or benefits of MIAWARA-C
(Straub et a].2011). ! ’

The two S|g.naI§ measu.red by the .two receiver chains 01‘2_2 Profile retrieval and auxiliary data
the dual-polarisation receiver are calibrated separately. The

two measurements;; and yz, with noise levelsr andoz, 16 jnversion, retrieving an altitude profile from the mea-

sharedthde same (_)p(;ucal s()j/stem, and can there]}ioLe be eithel, o spectrum, is based on optimal estimation theory in-
regarded as two Independent measurements of the same alf,qing 5 priori knowledge on the vertical water vapour

mass or they can be combined into one spectrum which ha&:ofile distribution and is described Rodgers(2000. For

the advantage.of lower mea}suremen.t NOISE. Both pola}rlse e retrieval, the Atmospheric Radiative Transfer Simulator
spectra are weighted according to their variance to obtain th?ARTS) is used as a forward model together with the soft-

combined spectrumy: ware package QpacklB(ehler et al. 2005 Eriksson et al.
022y1 + (,12y2 2005 2011J). A general description of the profile retrieval for
Y= "7 (1) MIAWARA-C can be found inStraub et al(2010.
1772 Ground-based microwave radiometers can be used to re-

MIAWARA-C and its calibration scheme have gradually trieve middle-atmospheric water vapour profiles over a lim-
been improved to increase the temporal resolution. The upited altitude range. This altitude range is mainly given by
grade to the dual-polarisation receiver reduced the integraa combination of the altitude-dependent shape of the pres-
tion time by a factor of 4 compared to the correlation re- sure broadened line and the frequency resolution, bandwidth
ceiver, allowing more than one profile per hour to be re-and spectral baseline of the instrument. The spectral baseline
trieved under favourable tropospheric conditions when ussummarises all contributions to the spectrum not covered by
ing the combined spectrum. The number of profiles per daythe forward model (mainly standing waves, frequency de-
obtained by MIAWARA-C is presented in Fi@. With the pendency caused by the balancing calibration scheme and
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frequency dependence of the antenna pattern). Outside of the
sensitive range the retrieved profiteis approaching the a 10
priori profile x5. The relationship between true profile)(
xg andx is given by the averaging kernel matéx 107

p [hPa]
p [hPa]
p [hPa]

¥ =Ax+ (I —A)xa+ Dye, (2

approx. Altitude [km]

whereD, = g—§ is the contribution function and describes the
sensitivity of the retrieved profile to the measuremengnd 10
€ is the noise on the spectrum. The maximum a posteriori

. . . 1 2 0 0.5 1 5 10 15 20
solution is given by a priori ¢ [ppmv] AVK  [ppmv/ppmv] FWHM  [km]

A -1 Fig. 3. (a) A priori standard deviation used for both MIAWARA-C
¥ = xa+SaK” (KSaKT + Sf) (y —Kxa), ) and MIAWARA (square root of diagonal elements3y). (b) Aver-
aging kernels multiplied by 5 for MIAWARA-C with a noise level of
whereS; is the a priori covariance matriX = g—i the Jaco-  0.014K (blue); highlighted in red are the averaging kernel belong-
bian of the forward model an8, the covariance matrix of ing to approximately 30, 40, 50, 60, 70 and 80 km. The black line
the spectral noise. In addition to the a priori statistics of wa-shows the area of the averaging kernels (AoA) used as a measure for
ter vapour, several auxi”ary parameters used in the forwardhe sensitive altitude range of this retrieval versi@@).FWHM of
model need to be specified. the averaging kernel as a measure of vertical resolution. The red and
black dashed lines indicate the altitude range with Ao®.5 and
AOA > 0.8, respectively. AoA- 0.8 is used as an upper and lower
fqimit of this retrieval version.

The aim of this study was to set up a retrieval version
that is consistent for both receivers (the correlation and th
dual-polarisation receiver) and for all past campaigns o
MIAWARA-C. The retrieval version v1.1, whose specifica-
tions are presented below, fulfils these requirements. De-
pending on the application (e.g. case studies of dynamicasplitting of the 22 GHz line is taken into account. Due to the
events), other retrieval versions might be favourable. frequency resolution of the spectrometer of MIAWARA-C

The a priori profile informatiow 5 is taken from a monthly  (30.5 kHz), not all split lines are in the range of a single chan-
mean zonal mean climatology using Aura MLS version 2.2nel. The intensity is divided into the three frequencies with
(v2.2) data from 2004 to 2008. Aura MLS v2.2 covers the the highest branching ratios. The sum of the branching ratio
whole altitude range of MIAWARA-C and is available for all of these three lines is larger than 99 Se€le 1999. Speci-
campaign sites. The monthly climatology is interpolated lin- fications of the line parameters are presented in Table
early to the day of the measurement to avoid discontinuities. The forward model only includes the atmosphere as seen
The a priori covariance matrix uses,, has fixed VMR val- by a perfectly described instrument. The spectral baseline is
ues, and the square root of its diagonal elements are shown iremoved by allowing the optimal estimation to fit a polyno-
Fig. 3a. The a priori standard deviation increases from 0.72mial. For MIAWARA-C v1.1, a spectrum with 80 MHz band-
parts per million by volume (ppmv) at 3.8 hPa to 1.8 ppmv width and a polynomial fit of degree 2 is used.
at 0.017 hPa. In addition to the diagonal elements, the shape The averaging kernels for a typical MIAWARA-C v1.1 re-
of S5 is defined as exponentially decreasing towards the off-trieval are shown in FigBb. For MIAWARA-C we define the
diagonal elements with a correlation length of 4 km. reliable range of the retrieval as the region with the area of

For the forward model calculations, a temperature profilethe averaging kernel (AoA) larger than 0.8. Outside of this
is needed. For consistency of v1.1 the temperature profilesange, the amplitude of the averaging kernel starts to shrink.
should be available for all of MIAWARA-C'’s past campaign In addition, the difference between the peak height of the av-
sites. Therefore, temperature profiles together with pressureraging kernels and their nominal altitude (the altitude the
and geopotential height information from Aura MLS version averaging kernel is calculated for) increases, revealing not
3.3 (v3.3) are used. A mean value of all temperature pro-only an increase in a priori contribution but also the loss of
files with a maximal longitudinal distance of 800 km, a max- altitude-dependent information. For the intercomparison pre-
imal latitudinal distance of 400 km from the measurementsented here, MIAWARA-C’s data are shown in the altitude
site and within two days of the measurement time is usedrange with AoA> 0.5, and the reliable altitude range with
MLS v3.3 temperatures have vertical/horizontal resolution of AOA > 0.8 is marked with horizontal dashed lines in the rel-
7 km/165km at 1 hPa and 8-12 km/185 km at 0.01 hPa and a&vant figures.
precision of 1K at 1 hPa and 2.2 K at 0.01 hPa¢sey et al, An estimation of the vertical resolution is obtained from
2011). the full width at half maximum (FWHM) of the averaging

The line parameters used for the forward model are base&ternels. This estimate, presented in R3g, shows that the
on Poynter and Picketf1985 and the broadening parame- vertical resolution changes with altitude from 12km to a
ters are taken frorhiebe (1989. In addition, the hyperfine maximum of 19 km. The horizontal resolution is given by the
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Table 1. Spectroscopic parameters of thg;65,3 transition of water vapour for’ = 300K including hyperfine splittingvg is resonant
frequency;S, line intensity;E”, lower state energyir, air broadening parameter;;,, temperature dependencengfy; yser self broadening
parameter; andggjs, temperature dependencejat). The source of the single-line parameter is given in the header, the splitting of the
intensity into three lines followSeele(1999.

vg [GHz]2 S[m2HzRP  E7 P vair [HZPa1]®  ngi®  yseir[HZPa 1S ngei
22.235043990 5.025710°19 8.86987x 10721 28110 0.69 134928 1
22.235077056 4.2817 10719 8.86987x 10721 28110 0.69 134928 1
22235120358 3.722010°19 8.86987x 10721 28110 0.69 134928 1

aSeelg(1999, © Poynter and Pickett985),  Liebe (1989.

antenna pattern. The half-power beam width ©Bbtypical

elevation angles of 17°§12.5) leads to a horizontal resolu- 10

tion of approximately 40 (77) km at 40 km and 70 (135) km

at 70 km. 0o
An example of a retrieval for MIAWARA-C for

21 March 2010 is illustrated in Figl. Panel a shows the

retrieved water vapour profile, which deviates considerably

from the climatological state used as the a priori profile. In

addition to the profiles, Figl presents the measured and fit-  10'

ted spectra in panel b as well as the residuals in panel c. By 01

using a bandwidth of 80 MHz and allowing a polynomial fit ot © 0 ° B ey ol

of degree 2, no relevant baseline remains that could lead to _
unphysical oscillations in the retrieved profile. Fig. 4. (a) Example of MIAWARA-C retrieval for 21 March 2010

with a noise of 0.014 K. The difference between the a priori profile

(solid red; dashed red: a priori standard deviation) and the retrieved
2.3 Error characterisation profile (solid blue; dashed blue: the estimated random error) is re-

lated to the strong descent observed after the stratospheric sudden
The error estimation for MIAWARA-C’s profiles is based Wwarming.(b) Measured and calibrated spectrum (blue) and spec-
on Rodgers(2000 and performed using the software pack- trum fitted by optimal es_timation (redjc) Residuals (difference
age Qpack. Thorough discussions of the error characterisa2€tween measured and fitted spectrum).
tion for 22 GHz radiometers are presentedSimaub et al.
(2010 andDe Wachter et al2011). A posteriori covariance
matrices are calculated for different families of uncertainty, spectroscopic parameters and in the calibration is used. 2-
namely measurement noise, calibration, spectroscopic pds taken as systematic error in order to obtain an upper limit.
rameters and temperatures used in the forward model. Th&he random and systematic uncertainties in the temperature
smoothing error can be ignored as long as the profiles to bgrofile are based ohivesey et al.(2011). All errors show
compared have a similar vertical resolution. The a posterioria characteristic decrease above 0.02 hPa which is caused by
covariance matrices are determined by the a priori covariancéhe decrease of the diagonal elementSpfvith altitude.
matrices of the different quantities and their influence on the The systematic error of MIAWARA-C v1.1 is between
forward model, and also by the a priori covariance ma®ix 7 and 12 % for all altitudes. The systematic calibration er-
Therefore, the estimated error depends on the choi&.of ror is the largest contribution to the systematic error at
MIAWARA-C v1.1 uses aS; defined in VMR, resulting in  lower altitudes and shows a local maximum around 1.4 hPa.
error estimations approximately constant in VMR. The systematic spectroscopic error increases with altitude

The uncertainties calculated for MIAWARA-C v1.1, based and is comparable to the calibration error at upper lev-

on the uncertainty estimates of the forward model parametersls. The systematic temperature error is approximately con-
presented in Tablg, are displayed in Figh. They are sepa- stant with altitude. The random error at 45km (1.1 hPa) is
rated into two categories: random error and systematic erroi6 % and increases with altitude to approximately 25% at
The random error is the &-uncertainty determined as the 75km (0.012 hPa). The increase is caused by the measure-
root-mean-square error of contributions from propagation ofment noise error, which is the dominant contribution. The
the noise on the measured spectrum, random uncertainties rmndom temperature error is around 1% for all altitudes.
the temperature profiles and in the calibration. As a systemThe influence of the random calibration error is strongest at
atic error estimation the 2-root mean square error origi- lower levels with a local maximum of 4 % at approximately
nating from uncertainties in the temperature profile, in the43km (1.5hPa). The shape with altitude of both systematic

®
o

]
o

-0.1
22.2 22.22 22.24 22.26
frequency [GHz]

p [hPa]

10°

approx. Altitude [km]
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Table 2. Estimates of the errors of the relevant forward model parameters. Bastdaoib et al(2010 andHaefele et al(2009

Parameter Estimated systematic error Estimated random error

Measurement noise  — 0.014K
Temperature profile 8K

3K
Calibration 7 % of factor for tropospheric correction 5% of factor for tropospheric correction
Line intensity,S 8.7x 10722m2 Hz

Air broadeningy,iy 1014 Hz Pal

b)
ol 180
102N :
N 170 =
. =
i o
@ 10 |, 4008
%. . — — -temperature sys || 60 E
o calibration sys <
o . X
: spectroscopy sys o
’ total systematic  [{50 &
0 . . ©
10 . * meas hoise
: e temperature rand
. calibration rand {140
L — - total random N
pol comp
10" : : : : : : :
0 0.1 0.2 0.3 0.4 0.5 06 O 10 20 30

absolute uncertainties [ppmv] relative uncertainties [%]

Fig. 5. Estimated uncertainties for MIAWARA-C in VMRy] and relative to the a priori profild} for 21 March 2010. The &-random error

(solid red) is equal to the sum of uncertainties caused by the measurement noise (dotted black), by random temperature (dotted magenta
and calibration uncertainties (dotted cyan). The systemadic®or (solid blue) is the sum of the errors caused by the uncertainties in the

temperature profile (dashed magenta), in the calibration (dashed cyan) and in the spectroscopic parameters (dashed red) multiplied by 2

The measurement noise error estimated by comparing the two polarisations is shown in solid green. All plots use MIAWARA-C data with
AO0A > 0.5. The dashed horizontal lines indicate the reliable altitude range (ADAR).

and random error is constant in time, but the relative values Profiles are retrieved separately from the two polarisations
change according to the water vapour profile of the atmo-from 17 December 2010 to 9 May 2011 resulting in 1217
sphere. profile pairs. The standard deviation of the difference, which
The dual-polarisation receiver of MIAWARA-C allows for is equal to the observed variability, is shown together with
the determination of the measurement noise contribution tahe estimated errors in Figa and b. The measurement er-
the random error on the measured profiles directly from therors estimated by propagating the spectral noise are in good
measurements. For this purpose, instead of combining thagreement with the measurement errors determined from the
spectra of the two polarisations as described in Egwe in- difference in the retrieved profiles for all altitudes. This in-
tegrate the spectra of each receiver separately over the sandécates that the noise on MIAWARA-C's retrieved profiles

time period, resulting in a perfect coincidence. The integratedagrees well with the estimation based on propagation of spec-
spectra from both receiver channels are analysed separatetsal noise.

using the same retrieval setup as v1.1. As the atmospheric

conditions and sampled air mass as well as the instrumental )

and retrieval setup for both estimated profiles are exactly the Reference instruments

same, the difference between them is dominated by the mea- - . .
. o haracteristics of the reference instruments used for the vali-

surement noise. Therefore, the standard deviation of the sef_. \ . .

. ' o - ation of MIAWARA-C’s v1.1 are presented in the following
of difference profiles between the two polarisations divided

by V2 is a direct observation of the random error caused bysectlon_s. An ove_rwe_w of the vertical resolution of the instru-
) ments is shown in Fig.
the measurement noise.
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MIAWARA was improved by changing the elevation angle
of the line measurements and by installing a faster mirror
—— MIAWARA-C drive (in mid-September 2010). These changes improved the

T ARAC integration time from the order of days to hours.

——MLSVv3.3

—MIPAS 3.2 Aura MLS
ACE-FTS
SOFIE

10"

-
ol

|
s

=
o

pressure [hPa]

approx. Altitude [km]

=
o

Aura MLS is on board NASAs Aura satellite, which was
. : n - - launched in July 2004. Agra MLS covers latitudes betwegn
approx. vertical resolution [km] 82°S and 82N. Due to its Sun-synchronous polar orbit
there are two overpasses at each location at fixed local times
Fig. 6. Approximate vertical resoluti_on of MIAWARA-C v1.1 and per day. Aura MLS observes thermal microwave emission in
m:QXVSARVA&; %‘_‘J%'z;g‘ '(\g'r‘osw"nz)'ZA((E’EKF)'TQUE;Z#S‘BV3'3égrsegr":)l’E limb geometry from the ground up to 96 km. A detailed de-
N i ge) an scription of Aura MLS can be found iwaters et al(2009.

(cyan). Above 0.1 hPa, MIPAS data are not used for the compari-
son and its vertical resolution is shown as a dotted line. The values Both v2.2 and v3.3 water vapour products are used for the

for ACE-FTS and SOFIE are given by the instruments’ field of view Intercomparison. For VZ'_Z’ a thorough validation is given in
and are constant with altitude. For Aura MLS v2.2 and v3.3, the as-Lambert et al(2007). A bias of less thant5 % was found
terisks indicate the values specifiedLinesey et al(2007, 2011). for all altitudes when comparing to ACE-FTS. For v3.3,
the quality and description documelhtiesey et al. 2011
is used to characterise the data. The vertical resolution of
3.1 MIAWARA v2.2/v3.3 is 4.6/2.5km at 1 hPa and 12/10km at 0.01 hPa,
and the horizontal resolution is 410/410km at 1hPa and
MIAWARA is the first 22 GHz radiometer for middle- 390/680km at 0.01 hPa. Single-profile precisions are 4/7 %
atmospheric water vapour built at the Institute of Applied at 1 hPa and 34/54 % at 0.01 hPa with a systematic error of
Physics Deuber et al. 2004). Since September 2006 has 4/4 % and 11/11 %, respectively.
been measuring permanently from Zimmerwald (Switzer- A first comparison of MIAWARA-C data obtained during
land, 46.88N,7.46 E, 907 ma.m.s.l.). After replacing the the LAPBIAT campaign using Aura MLS v2.2 as a reference
previously used acousto-optical spectrometer with a digitalis presented istraub et al(2010. The retrieval version used
FFT spectrometer in 2007, the front end and the back endor MIAWARA-C is not the same as v1.1. The main differ-
have remained unchanged. MIAWARA is operated within ences are the spectral bandwidth, the baseline fit and the line
NDACC and is used for long-term monitoring of middle- parameters used for the retriev8traub et al(2010 found
atmospheric water vapour and case studies of atmospheri@a mean difference compared to MLS v2.2 oscillating around
processes. zero of below 5% at altitudes between 6 and 0.05 hPa.
MIAWARA and MIAWARA-C mainly differ in size and
compactness and in their receiver. The part of MIAWARA 3.3 MIPAS
which is operated outdoors is more than twice as large as
MIAWARA-C. In addition, the back end of MIAWARA  MIPAS is a mid-infrared limb emission Fourier transform
needs to be located indoors. The calibration schemes of MiIspectrometer on board the Envisat satellite. It was opera-
AWARA and MIAWARA-C are identical. MIAWARA-C has  tional from July 2002 to April 2012. It was designed to mea-
two identical receiver chains whereas MIAWARA has only sure vertical profiles of temperature and a large variety of
one, resulting in an increased integration time to cover theminor species including water vapour with global latitudinal
same altitude range. For MIAWARA the measured spectracoverage. From March 2004, it was operating with reduced
are averaged until a noise level of 0.01K is reached. Thisspectral resolution (0.0625 cr). A description of MIPAS
is approximately equivalent to the 0.014 K noise level for is given inFischer et al(2008. In our study we use MIPAS
MIAWARA-C as MIAWARA's spectral resolution (61 kHz) water vapour data version V5R20_220 obtained in nomi-
is coarser by a factor of 2 compared to MIAWARA-C. nal observation mode and processed by the Institute of Me-
The retrieval version of MIAWARA used in this study ap- teorology and Climate Research (IMK) at the Karlsruhe In-
plies the same auxiliary data as MIAWARA-C'’s v1.1. The stitute of Technology in cooperation with the Instituto de As-
vertical resolution of both ground-based microwave radiome-trofisica de Andalucia (IAA). This retrieval version is based
ters is the samd-aefele et al(2009 found a bias ot:3 % on ESA level 1 spectra from version IPF 5. The MIPAS ver-
when comparing a similar retrieval version of MIAWARA to sion V5RH20_220 water vapour has a vertical resolution
Aura MLS v2.2. of 2.3km at 20 km and 6.9 km at 50 km, and the horizontal
MIAWARA data from July 2010 to May 2011 are used as resolution is 206 km at 20 km and 436 km at 40 km. Single-
during this time both instruments have been operated fronprofile precisions are 0.2 ppmv at 10 km and 0.92 ppmv at
the same location. In this period, the temporal resolution of50 km. Version V5RH20.220 has not yet been validated
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but VA40O_.H20_203 has recently been compared using waterare available for the altitude range from 15 to 95km. The
vapour measurements obtained during the MOHAVE-2009tangent path length is approximately 280 km and the vertical
campaign [eblanc et al. 2011, Stiller et al, 2012. MI- resolution is 2 km throughout the whole altitude range. This
PAS V40O H20_203 showed a wet bias of up to 10 % around study uses the v1.2 water vapour product. SOFIE has a high
45 km and above 55 km a dry bias caused by neglecting nonsensitivity resulting in low random uncertainties of less than
local thermodynamic equilibrium (non-LTE) effects in the 0.8 % for altitudes below 75 km as given in the data files. The
retrieval Gtiller et al, 2012. V5R_.H20_220 does not yet in-  total systematic error is below 4 % for the altitude range used.
clude non-LTE effects, and therefore a similar behaviour with
altitude was expected, and was indeed confirmed by internal
delta validation versus version V4B20_203. For thatrea- 4 Data and method
son, MIPAS V5RH20_220 data are not used for altitudes
above 0.1 hPa. All IMK/IAA MIPAS water vapour data after |n the following sections, the coincidence criteria and the
2005 are retrieved as log(VMR), although provided as VMR. resulting data sets are presented and the intercomparison
This has to be considered when using the averaging kernel ahethod is introduced.
MIPAS for convolution since it refers to log(VMR) as well.

MIAWARA-C was one of the instruments participating in 4.1 Coincident data sets
the MOHAVE-2009 campaign and is included in the valida-
tion of V4AO_.H20_203 presented btiller et al.(2012. The For this intercomparison study, four data sets of
retrieval version of MIAWARA-C used is different to v1.1. MIAWARA-C obtained at two different sites are used:
Stiller et al.(2012 found an overestimation of the estimated two in the polar region and two in the mid-latitudes.
random errors and that MIAWARA-C is up to 10 % wetter MIAWARA-C was measuring at the Arctic Research Centre

than MIPAS V4QH20_203. in Sodankya (Finland, 67.37N,26.63 E, 180ma.m.s.l.)
from January to June 2010 in the frame of the LAPBIAT
3.4 ACE-FTS 2010 campaign and again at the same location from

June 2011 to February 2013. The data sets obtained at the
ACE-FTS is operating on board the Canadian SCISAT-1second location span from July 2010 to May 2011 in Zim-
satellite, which was launched in August 2003. Routine op-merwald (Switzerland, 46.88,7.46 E, 907 ma.m.s.l.).
erations started in February 2004. ACE-FTS is measuring irDuring the LAPBIAT campaign and the first part of the
solar occultation mode and covers’@-8% N with the ma-  Zimmerwald campaign, MIAWARA-C was still equipped
jority of the measurements occurring in the polar regions. Awith its original correlation receiver, which was replaced
mission description is given iBernath et al(2005. There- by the dual-polarisation receiver in December 2010 for the
trieval of water vapour is described Boone et al(20095. second part of the Zimmerwald campaign and the second
Water vapour profiles are retrieved between 5 and 90 km. Ameasurement period in Sodankyl Table 3 summarises
first validation of ACE-FTS v2.2 is presented@arleer etal. the dates, which receiver type was used and presents an
(2008. This shows a slight positive bias smaller than 10 % in abbreviated name for each of the four campaigns.
the altitude range from 15 to 70 km versus MIPAS (version MIAWARA-C’s profiles are compared to satellite data
13, full-resolution mode), SAGE Il, HALOE, POAM lll and from Aura MLS and MIPAS for both locations. Addition-
Odin-SMR. In this study, ACE-FTS v3.0 is used. Between ally, Zimmerwald data are compared to MIAWARA, and So-
approximately 20 and 55 km, there are small differences ofdankyhk data to ACE-FTS and SOFIE. ACE-FTS and SOFIE
the order of£2 % between ACE-FTS v2.2 and v3.0. The are not considered for Zimmerwald because the number of
vertical resolution of ACE-FTS is determined by the field of coincident profiles for ACE-FTS is too small and SOFIE
view and is 3—4 km throughout the whole altitude range. Thedoes not cover mid-latitudes. ACE-FTS data are only used
random uncertainty given in the data files is generally 2—-5 %for the first Sodanky campaign; for the second campaign

for altitudes between 20 and 80 km. the data were not available by the date of this publication.
Spatial coincidence is determined from the difference in
3.5 SOFIE latitude and longitude between MIAWARA-C's station loca-

tion and a representative altitude in the satellite profile. The
SOFIE is on board the Aeronomy of Ice in the Mesosphereviewing direction of MIAWARA-C was south during both
(AIM) satellite, which was launched in April 2007. Latitudes campaigns in Sodankd) whereas the instrument was point-
of ~ 65°—-85° south and north are covered. Details on SOFIE ing north while measuring from Zimmerwald. Therefore, the
are given inGordley et al(2009. A thorough descriptionand  criterion for collocation used for the satellite data iS#12°
validation of v1.022 water vapour is presentedRiong et al.  in latitude for Sodank@ and +2/—1° in latitude for Zim-
(2010, revealing excellent agreement (0-2 %) in the North- merwald and:10° in longitude for both locations. The win-
ern Hemisphere compared to ACE-FTS v2.2 and Aura MLSter data in Sodankil are obtained in the vicinity of the vor-
v2.2 in the vertical range 45-80 km. Water vapour profilestex edge where steep horizontal gradients of water vapour
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Table 3. Overview of the four intercomparison periods. Upper part: receiver type of MIAWARA-C, time period and short name of the
campaign as used in the figures. Lower part: number of profiles available after applying the spatial and the temporal coincidence criteria for
each reference instrument.

Sodankya10 Zimmerwald10 Zimmerwald11 Sodankyll13
Receiver type correlation correlation dual-polarisation dual-polarisation
Time period Jan 2010-Jun 2010  Jul 2010-Dec 2010 Dec 2010-May 2011  Jun 2011-Feb 2013
Short name sodalO ziwalO ziwall sodalll3
MIAWARA - 141 638 -
ACE-FTS 12 - - -
SOFIE 14 - - 126
Aura MLS v2.2 162 131 193 991
Aura MLS v3.3 163 132 191 994
MIPAS 82 61 111 241

are present. However, all instruments used for the validatiornv1.1. In the reliable altitude range of MIAWARA-C v1.1 with
study have a coarse horizontal resolution, in some cases UfoOA > 0.8, the contribution of the a priori profile is small.
to several hundred kilometres, due to observation geometrie$o account for the additional smoothing introduced by the
and antenna patterns. Hence, the effect of sampling differeonvolution, the covariance matrix of the profile with higher
ent air masses is reduced due to the horizontal smoothingesolution,Shign, is transformed as well. The resolution cor-
Changing the latitudinal coincidence criterion for Sodaakyl rected covariance matri&igh conv belonging taxhigh conv is
where most data were obtained in polar winter, by a degreajiven by
north or south did not considerably change the outcome of. . AT
the intercomparison. Therefore, no additional coincidence%"'gh’com’_ AShighA” - ©)
criterion separating the measured air masses according to thEhe square root of the diagonal elementSgdn conv are the
potential vorticity is applied. transformed error estimates belongingeiyh conv-

After applying the spatial coincidence criterion, the pro-
file pair (MIAWARA-C — reference measurement) that is
closest in time is sought. All profiles are only used once to

avoid interdependencies in the data set. In addition, a maxi!:Or the intercomparison we use the coincident data sets de-

mal temporal difference of 12 h for the satellites and 6 h forzcml)igg ::Totg; plzgl\ll(lnc\)/\lljsstieecgonr.ozii mrts;ce:cr)wrtz%?i:z(rjgtrgfth()d
MIAWARA is applied. PP y PP p -

; . . . (2012.
An overview of the time series used for the intercompar- .

. . . . . All comparison plots have the same structure (F&<9,
ison for the four comparison periods at the two locations is o

R . 10, 11, 12, 13 and14). In panel a, the mean coincident pro-
shown in Fig.7 for 1 and 0.1 hPa. The number of profiles ful- . )
- - S . . files from MIAWARA-C and from the reference instrument
filling the coincidence criterion for the intercomparison are

. . are shown.

summarised in Tabl8.

) . . . Panel b shows the bids, which is the mean of the dif-
The different vertical resolution of the instruments (Fay. ferences between MIAW?RA-C and reference instrument at

is taken into account for the comparison. Vertical resolutions;aItitude leveli. The standard error of the bias is given b
larger than half of MIAWARA-C's resolution are regarded as ' 9 y

comparable. In the case of comparable resolutions, the ref- \/ZN,- (
n=1

4.2 Intercomparison strategy

2
erence profiles are interpolated to MIAWARA-C's pressure o; pias = imia—c (1) = Siref(1) — bi) , (6)

grid. If the vertical resolution of a reference instrument is Ni (Ni = 1)

smaller than half the resolution of MIAWARA-C, the refer- WhereN; is the number of data pairs at levgland is shown
ence data are considered as highly resolved and convolveds horizontal error bars in panel b. For large coincident data
with the averaging kernels of the ground-based radiometer ir$€tso; biasis hardly visible. The bias is considered as clearly

order to make them comparable: insignificant if the intervab; & o, pias includes zero. In ad-
dition, the bias is compared to the estimated systematic er-
Xhigh,conv= A (Xhigh — Xa) + Xa, 4) ror. The systematic error of the reference instrument is not

considered reducing the combined estimated systematic er-
where xnigh is the satellite profileA the averaging kernel ror to the systematic error of MIAWARA-C. A bias outside
matrix andx, the a priori profile of the ground-based ra- the range of the estimated systematic error hints towards ei-
diometer. The convolution decreases the vertical resolutiorther an uncorrected bias of the reference instrument or an
and accounts for the a priori contribution of MIAWARA-C underestimation of MIAWARA-C’s systematic error.
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instrument. Short names for the four comparison periods
are defined in Tabl8 to increase the readability of the fig-
ures. Additionally, “conv” is used as an abbreviation for con-

£
2 volved.
E:
5 !
e ! 51 MIAWARA
F2b2010 2010  Jan201l  Ju20ll  Jan20iz | Jui20lz  Jam20l3 For the Zimmerwald campaign with MIAWARA-C measur-

ing next to MIAWARA, a total of 779 coincident profile pairs
are found — 141 with the old and 638 with the new receiver
of MIAWARA-C. Both instruments are facing in a similar
direction: MIAWARA is pointing north and MIAWARA-C
is pointing to an azimuth of T8east of north. The two in-
struments use the same measurement principle, the same cal-
ibration scheme, a similar retrieval setup and have the same
vertical resolution. Therefore, the profiles are compared di-
rectly without applying the averaging kernels, and the uncer-
tainties estimated for MIAWARA-C are assumed to be valid
Fig. 7. Overview of the data used for the intercomparison on two for MIAWARA as well. As the two ground-based microwave
pressure levels. The black dashed vertical lines indicate the begininstruments use the same auxiliary data for the retrieval, con-
ning of a new comparison period. Some of the satellite data ardributions from uncertainties in the temperature profile and in
convolved with MIAWARA-C'’s averaging kernels, and only data the spectroscopic parameters are not considered for the esti-
points fulfilling the coincidence criterion are shown (see Séd). mated error, reducing the systematic error to the systematic
In April 2011 there is a gap in Aura MLS’s measurements which calipration error. The estimated random error is the combina-
is also present in MIAWARA-C and MIAWARA data because of tion of measurement noise and random calibration error for
missing temperature profiles. both instruments. For consistency with the other reference
instruments, the systematic error is given by the systematic

S calibration error of MIAWARA-C only.
Panel c presents a validation of the random error. The er- . .
The results of the comparison are shown in F&.

ror provided along with the satellite profiles is assumed to beThe bias for the correlation receiver data set. shown in
purely random and together with the estimated random er—Fig 8b, oscillates around zero, reaching the ,Iargest de-
ror of MIAWARA-C builds the combined estimated random _.~" '
error. The standard deviation of the mean differes viation of —0.11ppmv at 45km (1.1hPa). For the dual-
h ; S i, Polarisation receiver there is a dry bias of MIAWARA-C
erein called observed variability, is expected to be equa i
) . : above 45km (1.1 hPa) and throughout the mesosphere rang
to the combined estimated random error of the instruments o L
. T S ing from —0.12 to—0.3 ppmv. The bias is generally within
neglecting non-perfect coincidence. Non-perfect comudenc%he estimated systematic uncertainty of MIAWARA-C except

results in increased observed variability due to variations in .
for the uppermost altitudes.

atmospheric water vapour in both space and time. Therefore, The standard deviation of the differences together with the

observed variability larger than the combined random error . . S
. . o combined estimated random error, presented in&&gindi-
can either be explained by non-perfect coincidence or un-

o cates that both shape and magnitude are similar for the two
derestlmat_|on of the random error of MIAWARA-C, of the different receivers of MIAWARA-C. Above 45km (1 hPa)
reference instrument or of both.

To investigate the ability of the instrument to monitor tem- the estimated and the observed random variations agree in

- ; g L shape and in magnitude. At the lowermost altitudes, below
poral variations, correlation coefficients in time are deter- o : .
. . . 45km (1.1 hPa), the standard deviation of the differences is
mined for each altitude level and are shown in panel d of

. . - larger than the combined estimated random error.
the comparison plots. The correlation coefficient of the co- . - o ; .
S ot o The correlation coefficients of the coincident time series
incident profiles is reduced by non-perfect coincidence an : : :
. : . _for all altitudes for the two periods of the Zimmerwald cam-
by the random errors and varying systematic errors of the in-

struments. All correlation coefficients displayed have a con-PaIgn are shown_ in Figsd. For the first p_er_|od qf the Z'.m'.
fidence level above 95 %. merwald campaign the correlation coefficient is not signif-

icant below 42km (1.7 hPa). Above 55km the values are
larger than 0.5 and reach a maximum of 0.7 around 65km
5 Results of the intercomparison (0.09 hPa). For the dual-polarisation receiver the correlation

coefficient is significant for all altitudes and generally larger
The results of the intercomparison following the descrip-than 0.5 above 42 km (1.7 hPa). Below 42 km the correlation
tion given in Sect.4.2 are presented for each reference coefficient decreases.

1hPa
T

HZO VMR [ppmv]

4]
T

4L ‘
Feb2010  Jul2010
[ e MIAC - MIA - MLS22 - MLS33 ° MIPAS ACE-FTS © SOFIE]

i i
Jan2011 Jul2011

i i i
Jan2012 Jul2012 Jan2013
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Fig. 8. Intercomparison MIAWARA-C — MIAWARA for Zimmerwald10 and for Zimmerwald1(&) Mean coincident profiles for Zimmer-
wald10 (MIAWARA: green, MIAWARA-C: black) and for Zimmerwald11l (MIAWARA: red, MIAWARA-C: bluefb) Bias (solid) with
standard error (horizontal) with respect to MIAWARA (Zimmerwald10: green, Zimmerwald11: red) together with the estimated systematic
error of MIAWARA-C (black dashed)c) Standard deviation of differences (solid) and combined random error of the instruments (dashed).
(d) Correlation coefficients. All plots use MIAWARA/MIAWARA-C data with AoA 0.5. The dashed horizontal lines indicate the reliable
altitude range (AoA- 0.8).

5.2 Aura MLS up to approximately 60 km (0.15hPa) and a slight dry bias
above for Sodankg@l0. For Zimmerwald with the correlation
For Aura MLS both v2.2 and v3.3 are used. Because of’€Ceiver the bias below 45km (1.1 hPa) is small, above there
the different vertical resolutions of the two versions, dif- IS @dry bias comparable to the one observed for v3.3. The in-
ferent comparison strategies are used: the vertical resol€rcomparisons of the observed and estimated random errors,
tion of v3.3 is better by more than a factor of 2 compared Presented in Figdc and g, are generally in good agreement
with MIAWARA-C for all altitudes except for the uppermost for both campaigns. Above approximately 60km (0.15 hPa)
level (0.022 hPa), justifying a convolution with the averaging for v2.2 the (_)bserved random variations are slightly higher
kernels, whereas v2.2 data are convolved below 0.1 hPa angjan the estimated combined random error, whereas v3.3
compared directly above 0.1 hPa. hints towards an underestimation of the combined random
The good spatial and temporal coverage of Aura MLS €rror. The correlation coefficients for both MLS versions
in combination with the coincidence criterion used leads to2'€ Shown in Fig9d and h for Sodank@l10 and Zimmer-
large data sets for v2.2 (v3.3), respectively, consisting ofWald10, respectively. For Sodankfli0 the correlation for
162 (163) profiles for Sodanky10, 131 (132) for Zimmer- both MLS versions is larger than 0.66 for all levels above
wald with the correlation receiver, 193 (191) for Zimmer- 45km (1.1 hPa) and decreases below. The correlation coef-

wald with the dual-polarisation receiver and 991 (994) for ficients for Zimmerwald10 range from 0.33 to 0.83 and are

Sodanky#11-13. lower than for Sodank@l10. MLS v2.2 has slightly higher
The comparison of v3.3/v2.2 using data obtained with thevalues than v3.3. _ _
correlation receiver of MIAWARA-C are displayed in Fi. The comparisons with MLS v2.2 and v3.3 using

The biases for Sodanky10 shown in Figob have a simi- MIAWARA-C data obtained with the dual-polarisation re-
lar shape to Zimmerwald10 in Figf throughout the whole ~ Ce&iver for Zimmerwald1l and Sodankfi1-13 are shown
reliable altitude range. The bias is within the estimated sysi Fig. 10. Compared to MLS v3.3 and v2.2, the biases
tematic uncertainties of MIAWARA-C for both versions and ©f MIAWARA-C show a similar altitude dependence for
for both campaigns. Compared to v3.3, MIAWARA-C shows both comparison p.enods. Compared to v3.3,_MIAWARA—C
a dry bias above 45 km (1.1 hPa), which is slightly increasingh@s almost no bias at the lowermost altitudes. Above
with altitude of maximum-0.17 ppmv for Sodank§tL0 and 45km (1.1 hPa) there is an increasing dry bias of less than
of maximum—0.43 ppmv for Zimmerwald10. Below 45km —0.64ppmv for Zimmerwald11 and less thai.63 ppmv

the bias compared to v3.3 is small. Compared to v2.2, therdo" Sodankyal1-13. MLS v2.2 shows similar results at up-
is a wet bias of MIAWARA-C that is smaller than 0.22 ppmv P€r levels but seems to be drier than v3.3, resulting in a
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Fig. 9. Intercomparison MIAWARA-C (with correlation receiver) — MLS for Sodar&i0 campaigiia—d) and for Zimmerwald1@e-h). (a,

e) Mean coincident profiles of MLS v2.2 (pink: convolved, purple: interpolated), MLS v3.3 (green) and MIAWARA-C (b{hcK).Bias

(solid) with standard error (horizontal) with respect to MLS v2.2 (pink: convolved, purple: interpolated) and MLS v3.3 (green) together with
the estimated systematic error of MIAWARA-C (black dashédl)g) Standard deviation of differences (solid; pink for MLS v2.2 convolved,
purple for MLS v2.2 interpolated, green for MLS v3.3) and combined random error of the instruments (d@sHgdprrelation coefficients.

All plots use MIAWARA-C data with AoA> 0.5. The dashed horizontal lines indicate the reliable altitude range (ABA).

wet bias of MIAWARA-C below 42km (1.7 hPa) of less correlation coefficient profiles have a different shape for
than 0.09 ppmv and 0.17 ppmv for Zimmerwald11l and So-the two campaigns: Sodank&ill1-13 correlations are larger
dankykh11-13, respectively. Above approximately 50 km thethan 0.64 for all altitudes and larger than 0.75 above 45 km
estimated systematic errors of MIAWARA-C are similar to (1.1 hPa). The values for Zimmerwald11 show a decrease be-
the magnitudes of the biases. The observed variations prdew 45 km (1.1 hPa) and are generally lower. The correlation
sented in panels c and g of Fip have local maxima around coefficient for MLS v3.3 is lower than for MLS v2.2.

40 km of approximately 0.4 ppmv for both versions and cam-

paigns, which are larger than the combined estimated randorg 3 \ipAS

errors. At upper altitudes, the observed variations are similar

to the estimated random errors for v2.2, whereas v3.3 show
higher observed variability by up to a factor of 1.4. The cor-
relation coefficients for both versions are shown in Higd

for Sodankyd10 and Fig.10h for Zimmerwald11-13. The

srhe coincidence criterion produced a data set consisting
of 82 coincident profiles for Sodanky0, 61 for Zimmer-
wald10, 111 for Zimmerwald11l and 241 for Sodargdl—
13. For the comparison MIPAS V5R20_220 is only used
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Fig. 10. Intercomparison MIAWARA-C (with dual-polarisation receiver) — MLS for Zimmerwaldad) and for Sodanky11-13(e—h).

(a, e) Mean coincident profiles of MLS v2.2 (pink: convolved, purple: interpolated), MLS v3.3 (green) and MIAWARA-C (black).

f) Bias (solid) with standard error (horizontal) with respect to MLS v2.2 (pink: convolved, purple: interpolated) and MLS v3.3 (green)
together with the estimated systematic error of MIAWARA-C (black dasHed}) Standard deviation of differences (solid; pink for MLS
v2.2 convolved, purple for MLS v2.2 interpolated, green for MLS v3.3) and combined random error of the instruments (déshgd).
Correlation coefficients. All plots use MIAWARA-C data with AGA0.5. The dashed horizontal lines indicate the reliable altitude range
(AocA > 0.8).

below 0.1 hPa and convolved with MIAWARA-C's averaging during the Zimmerwald11-13 campaign exceeds the esti-
kernels. mated systematic error for altitudes above 0.3 hPa (55km).
The results obtained with the correlation receiver of The observed random variations shown in Bitr are higher
MIAWARA-C are shown in Fig.11. The means of the dif- than the estimated errors for most altitudes and both cam-
ferences are presented in Figh. For Sodank@10, MIPAS  paigns. The observed random variation exceeds the com-
observes the water vapour maximum at a higher altitude thamined estimated errors by up to a factor of 2.5 for Zimmer-
MIAWARA-C. This results in a dry bias of MIAWARA-C  wald10 and by up to a factor of 1.6 for Sodar&i®0. The
of less than 0.42 ppmv above 2hPa (40km). For Zimmer-correlation coefficient, shown in Figad, is only significant
wald10, a small dry bias of MIAWARA-C is observed be- below 45km (1.1 hPa) for Zimmerwald10. For Soda@kd
low 0.5hPa (48 km), and above there is a wet bias with athe correlation between MIAWARA-C and MIPAS is not sig-
maximum of 0.98 ppmv. The dry biases at lower altitudesnificant at the lowermost altitude levels, whereas at the higher
are within the estimated systematic error of MIAWARA- altitudes the correlation is significant and has values 0.43 and
C alone for both periods, whereas the wet bias observed.70.
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Sodanky&10: red, Zimmerwald10: brown) with standard error (horizontal) together with the estimated systematic error of MIAWARA-C
(Sodankyh10: black, Zimmerwald10: bluefc) Standard deviation of differences (solid) and combined random error of the instruments
(dashed): red for Sodanky10 and brown for Zimmerwald10 campaidd) Correlation coefficients. All plots use MIAWARA-C data with

AoA > 0.5. The dashed horizontal lines indicate the reliable altitude range (ADAR).

Figure 12 shows the results obtained with the dual- The profile comparisons of ACE-FTS are presented in
polarisation receiver. The biases presented in E¥y.show  Fig. 13 for Sodanky&10. Due to the small number of coin-
a similar shape for the two comparison periods: a dry biascident profiles, the standard error of the bias is larger than
of MIAWARA-C of less than 0.4 ppmv (0.27 ppmv) around that for the results previously presented. Nevertheless, the
40-45 km and a wet bias smaller than 0.61 ppmv (0.46 ppmvpias together with its standard error is within the system-
around 50-60 km for Zimmerwald11l (Sodar&yl—13). For  atic error for all altitudes. Figur&3b indicates a wet bias
Sodankyh11-13 the maximum of MIPAS water vapour is of less than 0.33 ppmv through the whole altitude range of
slightly higher compared to MIAWARA-C (similar to So- MIAWARA-C compared to ACE-FTS. The observed varia-
dankyR10). In addition, the mean profile of MIPAS shows tions are slightly higher than the random error above 55 km
a more pronounced maximum, which is not observed by(0.3hPa), as shown in Fid.3c, by up to a factor of 1.2. At
MIAWARA-C. The biases are within the estimated system- lower altitudes the observed and combined estimated ran-
atic error of MIAWARA-C alone for both periods. The ob- dom uncertainties are similar. The observed random varia-
served random variations presented in Eitg: are largerthan  tions show a local maximum below 40 km similar to the ones
the estimated errors for all altitudes and both campaigns. Thebserved by comparing to MIAWARA, Aura MLS and MI-
observed random variation exceeds the combined estimateldAS.
errors by up to a factor of 2.4 for Sodan&gtl—13 and by up The correlation coefficients are shown in Figd. At the
to a factor of 3.3 for Zimmerwald11. The correlation, shown lowermost levels the correlation is not significant. Above
for both periods in Figlld, is for Zimmerwald11 only sig- 43km (1.5hPa), the correlation coefficient is between 0.62
nificant around 60 km. For Sodankll1-13 the correlation and 0.92.
is larger than 0.5 above 45 km and shows a decrease below.

5.5 SOFIE

5.4 ACE-FTS SOFIE has a much higher vertical resolution than
MIAWARA-C (2 km at all altitudes). Therefore, SOFIE pro-
The coincidence criterion results in a data set of 12 coinci-files are convolved with MIAWARA-C’s averaging kernels
dent ACE-FTS profiles for Sodanlg10. Because the verti- for all altitudes. Applying the coincidence criterion results in
cal resolution of ACE-FTS is 3—4 km at all altitudes, which is a data set of 14 coincident profiles for Sodarid@d and 126
clearly higher than the vertical resolution of MIAWARA-C, for Sodankyf11-13.
MIAWARA-C’s averaging kernels are applied in the whole  The mean coincident profiles are displayed in Hida.
altitude range. The bias shown in Figl4b oscillates with altitude for both
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(dashed), red for Sodank11-13 and brown for Zimmerwald11 campai@h). Correlation coefficients. All plots use MIAWARA-C data

with AoA > 0.5. The dashed horizontal lines indicate the reliable altitude range fABA).

Sodankyh campaigns. These oscillations are mainly causedd Summary and discussion
by a difference in the altitude of the water vapour maxi-

mum, MIAWARA-C observes the maximum approximately 4 tacjlitate the comparison with other studies, Fi§shows

Skm lower than SOFIE. In addition, the profiles of the 5 compilation of the biases found for all campaigns in per-

two instruments show a different shape leading to addi-cent (mean of the differences relative to MIAWARA-C). The
tional local extrema of the bias. The extreme values for Soiases for all campaigns are generally witHifi3 %.

dankyk10 are 0.68 ppmv at 40 km (2.6 hPa)).49 ppmv at Compared to MIAWARA, the data obtained with the cor-
53km (0.36 hPa) and 0.32 ppmv at 74 km (0.02 hPa). For Sogg|ation receiver of MIAWARA-C show a bias oscillating
dankyb11-13 there is a slight wet bias at the lowermost lev-5.4.,nd zero with values betweer2.3 and 1.3%. For the
els, adry bias 0f-3.1 ppmv at 45 km (1.1 hPa) and awet bias gecond period of the Zimmerwald campaign with the dual-
around 65km (0.09 hPa) with & maximum of 0.54 ppmv. The hq|arisation receiver, a dry bias relative to MIAWARA is ob-
stratospheric wet bias for Sodan&gD is outside of the range  geye( increasing with altitude of less tha %. With re-

of MIAWARA-C's systematic error and the mesospheric wet gpect 1o Aura MLS v3.3, there is almost no bias at the lowest

biases are on the limit. As for ACE-FTS, the small num- 5yit,de level but an increasing dry bias for higher altitudes
ber of coincident observations leads to a larger standard e, g campaigns. The maximum of this dry bias4& %

ror of the bias. In contrast to most other comparison datafOr Sodanky&10, —9 and—12 % for Zimmerwald with the
sets, the observed variations determined using MIAWARA-C . reation ‘and the dual-polarisation receiver, respectively,

and SOFIE for SodankgllO are in agreement With the esti- g3nd —13% for Sodanky11-13. Comparing to Aura MLS
mated random errors t.hrogghout the reliable altitude rangg,» » the observed bias has a similar shape but it is shifted
(AoA > 0.8), as shown in Figldc. For Sodankyi11-13, the  p, anproximately 1.2-3.5% to the wetter side, resulting in
observed variations exceed the combined estimated randoy et bias of MIAWARA-C at lowest altitudes smaller than
error by up to a factor of 1.6. 4% and a slightly lower dry bias in the mesosphere. For So-

_The correlation coefficients for SOFIE, presented in 4ankyk10, the bias relative to Aura MLS v2.2 ranges from
Fig. 14d, reach values between 0.51 and 0.94 for altltudes_3'7 to 3.4% which is of the same order of magnitude as

above 38km (3.4hPa) for Sodan&gD. For Sodankiilll-  he regyits presented Btraub et al(2010) for the same time
13, the correlation is below 0.5 for altitudes below 45km. yariod with a different retrieval version of MIAWARA-C.
From there on, there is a steady increase with a maximum of The coincident data sets of ACE-FTS and SOFIE for So-
0.97 at the uppermost level. dankyB&10 are small, containing only 12 and 14 profile pairs,
respectively. This could limit the statistical relevance of the
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Fig. 13. Intercomparison MIAWARA-C — ACE-FTS for Sodani&d0. (a) Mean coincident profiles of ACE-FTS (cyan)/MIAWARA-C
(black) for 2010.(b) Bias (solid, cyan) and its standard error (horizontal) together with the estimated systematic error of MIAWARA-C
(black dashed)cc) Standard deviation of differences (solid, cyan) and combined random error of the instruments (dd}l@atyelation
coefficient. All plots use MIAWARA-C data with AoA- 0.5. The dashed horizontal lines indicate the reliable altitude range fARA).

comparison. ACE-FTS hints towards an almost constant wethe water vapour maximum at slightly higher altitudes than
bias of MIAWARA-C around 5%. Contrasting the results MIAWARA-C.
presented hereCarleer et al(2008 report ACE-FTS to be For Sodanky10, no bias consistent for all instruments
too wet by 3 to 10 % in the altitude range 15 to 70 km. The can be identified. ACE-FTS hints towards an almost constant
bias between SOFIE and MIAWARA-C shows a strong oscil- wet bias of MIAWARA-C, whereas Aura MLS v3.3 hints to-
lation for both Sodank@10 and Sodankgll1-13, with max-  wards a dry bias. The biases for Soda@didyll-13 are larger
ima below+10%. For Sodank@10 there is a wet bias of than for Sodanky10, both towards the wet and towards the
10% at the lowermost levels, a dry bias of 7.5% arounddry side. Currently, there is no explanation for the larger bi-
55km and a wet bias of 5% at the upper limit. For So- ases. SOFIE and MIPAS show strong oscillations in all data
dankykh11-13 the local maxima are increasing with altitude sets used. During the Zimmerwald campaigns MIAWARA-C
starting with a wet bias below 1.5 %, a dry bias of 5% aroundseems to have a dry bias smaller than 5-12 % for all alti-
45 km and a wet bias of 10 % around 65 km. tudes above 45 km compared to MIAWARA and Aura MLS
The mean of the differences relative to MIPAS shows av3.3. MIAWARA is a ground-based instrument and was op-
dry bias of MIAWARA-C of —6.5% around 5hPa (50km) erating without any changes on the instrument. Therefore, the
for Sodanky&10. For the other three campaigns, the shapeéncrease of the dry bias from a few percent for the correlation
of the bias with respect to MIPAS is characterised by a dryreceiver to up to 12 % with the dual-polarisation receiver is
bias around 40-45km of3 % for Zimmerwald10 and for likely to be caused by the upgrade of MIAWARA-C. Taking
Sodankyhl11-13, and of-6% for Zimmerwald1l, while the whole altitude range into account, the bias with respect
around 55km there is a wet bias of 15% for the corre-to MIAWARA is oscillating around approximateh1 % for
lation receiver (Zimmerwald10) and of 10% for Zimmer- the old receiver setup and aroun® % for the new one. In
wald11l and 8% for Sodankyl1-13. According tcstiller addition, it increases with altitude. A similar behaviour is
et al. (2012, MIPAS V40.H20_203 has a tendency to be observed when comparing to both versions of Aura MLS;
biased high by up to 10% around 45km. Hence, the ob-for Sodankyéa the dual-polarisation receiver data are approx-
served bias between MIPAS and MIAWARA-C v1.1 around imately 8 % drier and for Zimmerwald the difference is ap-
45 km might originate from MIPAS. In additioigtiller et al. proximately 3—7 % depending on altitude.
(2012 found that MIAWARA-C is up to 10 % wetter than The biases found are generally withifl3% and are in
MIPAS, however using different retrieval versions. This is most cases within the systematic error of MIAWARA-C.
consistent with the wet bias observed in this study comparedience, the estimated systematic error of MIAWARA-C has
to MIPAS. For Sodanky, especially for Sodankgl1-13, proven to be a conservative estimation. No systematic er-
the shape of the bias relative to MIPAS shows similarities torors were taken into account for the satellite instruments.
the one relative to SOFIE. Both MIPAS and SOFIE monitor
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Fig. 14. Intercomparison MIAWARA-C — SOFIE for Sodanil0 and Sodankill1l-13.(a) Mean coincident profiles of SOFIE
(cyan)/MIAWARA-C (black) for 2010 and of SOFIE (orange)/MIAWARA-C (blue) for 2011-20(8. Bias (solid) and its standard er-

ror (horizontal) with for 2010 (cyan) and 2011-2013 (orange) together with the estimated systematic error of MIAWARA-C (black dashed
for 2010, blue dashed for 2011-2018)) Standard deviation of differences (solid; cyan for 2010, orange for 2011-2013) and combined
random error of the instruments (dashdd). Correlation coefficients (cyan for 2010, orange for 2011-2013). All plots use MIAWARA-C
data with AoA> 0.5. The dashed horizontal lines indicate the reliable altitude range (ABR).

Therefore, the estimated systematic error of v1.1 is con+andom error, it could originate from an underestimation of
firmed to be an upper limit. the influence of the spectral noise on the profile, underesti-
The comparison of the combined random errors to the obmation of the a priori covariance matrsg at these altitudes
served random variations shows good agreement using Mler from an underestimation of the random temperature un-

AWARA, Aura MLS and ACE-FTS data, allowing us for us certainty in MIAWARA-C'’s error budget. The variability ob-
to conclude that v1.1 random error estimates are realisticserved by comparing profiles retrieved from the two polarisa-
The comparison with MIPAS hints towards an underestima-tion channels of MIAWARA-C originates purely from spec-
tion of the random errors below 0.1 hPa of one or both of thetral noise and is in excellent agreement with the estimated
instruments. In contras§tiller et al.(2012 found an over- random measurement noise error of v1.1 (see Qedt.
estimated combined random error by comparing two differ- The correlation coefficients for all reference instruments
ent versions of MIPAS and MIAWARA-C. When comparing and for both campaigns are summarised in Eig.All cor-
to SOFIE, the observed and estimated random variations ofelation coefficients of the coincident data sets displayed are
the difference profiles agree throughout the whole altitudesignificant at the 95 % confidence level. The typical shape
range for Sodank@l0 but indicate an underestimation of of a correlation profile shows high values above 45 km, con-
the estimated random error of one of the instruments for Sofirming the quality of MIAWARA-C’s measured time series.
dankyh11-13. The source of these discrepancies is unclearBelow 45 km the correlation coefficients decrease. This de-
The comparison to MIAWARA and ACE-FTS and most crease is probably related to baseline effects in MIAWARA-
comparisons to Aura MLS show slightly larger observed C’s retrieval and the less pronounced seasonal cycle at these
variations below 45 km and around 70 km. This discrepancyaltitudes. Baseline effects add an uncorrelated signal to the
between estimated and observed variability around 70 krtime series and uncorrelated signals increase their contribu-
and below 45 km could be caused by contributions from nat-tion for decreasing correlated variations. For both Zimmer-
ural variations due to non-optimal coincidence or by an un-wald campaigns the correlation coefficients between MIPAS
derestimation of one of the instrument’s random errors. Be-and MIAWARA-C are significant only for a few altitude lev-
low approximately 45km, MIAWARA-C’s contribution of els, which is linked to the high observed random variation.
the baseline to the random error might be underestimatedBoth for data measured with the correlation and with the
This error is included in the error budget via the random cal-dual-polarisation receiver of MIAWARA-C, the correlation
ibration uncertainty. Around 70 km, the observed variability is higher for Sodankg than for Zimmerwald. The main rea-
is larger than the combined estimated random error. Attribut-son is found in the larger variations of water vapour observed
ing this difference to an underestimation of MIAWARA-C’s in the Arctic.
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7 Conclusions difference of 12 h for the satellite instruments and 6 h for MI-
AWARA are considered.
In general, the biases found between MIAWARA-C and

The ground-based microwave radiometer MIAWARA-C for the reference instruments are withiri3 %. The biases can
middle-atmospheric water vapour is operated on a campaigie explained for most data sets used by the conservative es-
basis. The retrieval version 1.1 provides a consistent data seéimation of MIAWARA-C'’s v1.1 systematic error proving
for all of MIAWARA-C’s measurement sites to date. Water it to be an upper limit. MIPAS is affected by non-LTE ef-
vapour profiles of v1.1 cover the altitude range from 4 hPafects not yet included in the retrieval causing a known bias
(37km) to 0.017 hPa (75 km). The dual-polarisation receiverabove 45km $tiller et al, 2012, and the comparison to
of MIAWARA-C, upgraded in December 2010, offers the op- SOFIE shows strong oscillation with altitude due to differ-
portunity to compare the estimated measurement noise errasnces in the observed profile shapes. There is no consis-
to independent measurements of the two receiver channelsent bias found for all reference instruments. However, for
The estimated measurement noise error of v1.1 and the olthe Zimmerwald campaign, MIAWARA-C shows a dry bias
served variability are in excellent agreement. above 45km which is increasing with altitude. Comparing

The quality of v1.1 is assessed for two receiver setupso MIAWARA and Aura MLS, the dry bias with the dual-
of MIAWARA-C using five months of measurements in the polarisation receiver seems to be more pronounced by 3-8 %
Arctic (LAPBIAT campaign), nine months of measurements than the one observed with the correlation receiver.
at mid-latitudes (Zimmerwald) and a second campaign in The estimated random error of MIAWARA-C is combined
the Arctic of 20 months. For both locations, the data arewith the reference instruments precision and then compared
compared to Aura MLS and MIPAS. For Sodarkyhaddi-  to the standard deviation of the differences of the coincident
tional data measured by SOFIE are taken into account angheasurements. Between 45km and 70 km most estimated
for the first Sodanky campaign data measured by ACE- and observed random errors agree well, while MIPAS indi-
FTS are used as well. Zimmerwald data are compared t@ates an underestimation of the random error. The compar-
the ground-based radiometer MIAWARA. The spatial coinci- jsons with MIAWARA, Aura MLS, MIPAS and ACE-FTS
dence criterion applied in latitude is %/3-2° for Sodankyh  show two local maxima of observed random variation be-
and +2/-1° for Zimmerwald; in longitude it ist10° for  |ow 45km and above 70km which, for some comparison
both locations. Only profile pairs with a maximum temporal
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MIAWARA-C’s v1.1 has no major biases. In addition, the
estimated random and systematic errors are confirmed to be
realistic by this validation study. The demonstrated data qual-
ity emphasises the value of the measurements obtained with
MIAWARA-C.
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